In Brief CRYPTOCHROME (CRY) entrains and/or stimulates firing of Drosophila brain neurons upon light exposure. Agrawal et al. show that CRY both entrains and sustains clocks in body tissues but also plays a novel role together with K + channels to maintain passive membrane properties in non-clock body tissues independent of light.
INTRODUCTION
Essentially all organisms possess internal clocks that drive rhythms in physiology, metabolism, and behavior. Circadian clocks keep time via transcriptional feedback loops in virtually all eukaryotes [1] . In the Drosophila feedback loop, CLOCK-CYCLE (CLK-CYC) heterodimers bind E-box elements to activate period (per) and timeless (tim) transcription. PER and TIM proteins then accumulate, form heterodimers, and translocate to the nucleus where they inhibit CLK-CYC. This inhibition is released upon PER and TIM degradation, which permits the next round of transcription [2] . Although clock-dependent circadian ($24 hr) rhythms persist in constant conditions, daily environmental cues such as light and temperature reset these clocks to a 24-hr period, thereby synchronizing clocks in different cells and tissues.
Drosophila CRYPTOCHROME (CRY) functions as a photoreceptor sufficient for clock resetting to light [3, 4] . CRY acts as a circadian photoreceptor by directly interacting with TIM in a light-dependent fashion and promoting TIM degradation in the proteasome [5, 6] . This light-dependent TIM degradation at dawn releases PER-TIM-mediated repression, thereby synchronizing circadian clocks to daily light:dark cycles. Moreover, data showing that cry b mutant flies are rhythmic in constant light suggest that CRY is probably the only dedicated circadian photoreceptor [7] , though other opsin-based photoreceptors contribute to light entrainment [3, 8] .
In addition to the feedback loop, membrane excitability is necessary to sustain circadian rhythms [9] . Electrophysiological characterization of ventrolateral brain pacemaker neurons (LN v s), comprising small (sLN v ) and large (lLN v ) subsets, showed that membrane excitability is under clock control [10, 11] . In addition, lLN v spontaneous firing frequency is elevated in response to moderately bright light applied at night [12] and in the absence of all opsin-based photoreceptors [13] , consistent with the lLN v s role in arousal [11, 14, 15] . Light-evoked changes in lLN v membrane resting potential occur in $100 ms and are CRY dependent, and CRY expression even confers light responsiveness to neurons that are normally unresponsive to light [12, 13] . CRY-mediated light responses in lLN v s require a flavin redox-based mechanism and the voltage-gated potassium (K + ) channel b subunit (Kvß) Hyperkinetic (Hk) but is independent of the CRY-TIM interactions [16] .
Many Drosophila peripheral tissues such as the eyes, antennae, intestine, and Malpighian tubules (MTs) also contain circadian clocks, which are thought to control physiology in these organs [17] . Indeed, Drosophila antennae contain ''peripheral clocks'' in olfactory sensory neurons that are necessary and sufficient to control odor-induced and spontaneous electrophysiological responses [18] [19] [20] . Isolated peripheral tissues from Drosophila contain light entrainable clocks [21] [22] [23] [24] , demonstrating that they can autonomously detect light. Given that cry is expressed in fly bodies [25] , CRY may serve as the photoreceptor responsible for entraining peripheral clocks. Alternatively, cry may be required for clock function per se in peripheral tissues [26] [27] [28] [29] , suggesting that CRY also carries out photoreceptor-independent functions in these tissues.
Using a newly developed GFP-tagged-cry transgene, we show that CRY is expressed in the expected brain pacemaker neurons and in peripheral clock/non-clock tissues. GFP-CRY undergoes light-dependent cycling in brain pacemaker neurons and peripheral tissues and mediates light-induced TIM degradation, displays a rhythm in subcellular localization during constant darkness (DD), and is required for free-running PER and TIM oscillations in MTs. In a peripheral tissue that lacks a canonical clock, the larval salivary gland (LSG), we show that CRY functions in a light-independent and cell-autonomous manner to maintain high input resistance (R i ) without altering resting membrane potential (RMP). K + channel subunits also function in concert with CRY to maintain a high R i in LSG cells, indicating that CRY and K + channels cooperate to regulate aspects of membrane physiology in a tissue-specific manner. Our results are the first to define the expression profile of CRY in body tissues and reveal that CRY and K + channels function cell-autonomously to maintain passive membrane properties in a non-clock containing body tissue independent of light.
RESULTS
A GFP-cry Transgene Rescues Light-Dependent Behavior CRY serves as a circadian photoreceptor and is also required for clock function in many peripheral tissues, but CRY protein expression has not been characterized outside the brain and Table S1 .
eyes [30, 31] . To detect CRY with high sensitivity, we generated a GFP-cry transgene that expresses a GFP-CRY fusion protein using an $20-kb bacterial artificial clone (BAC) (see STAR Methods). All experiments with the GFP-cry transgene were performed in cry
03
-null mutants (i.e., GFP-cry;cry 03 flies), where no endogenous CRY is expressed. Since CRY-dependent photoreception in brain pacemaker neurons renders flies arrhythmic in constant bright (>2,000 lux) light and shifts the phase of activity rhythms in response to light pulses [4, 7, [32] [33] [34] , we first determined whether the GFP-CRY rescued light-dependent behavioral defects in cry mutants.
In contrast to the robust activity rhythms in cry 03 flies under constant light (LL), activity rhythms in GFP-cry;cry 03 flies and wild-type controls were abolished (Table S1 ). However, after entrainment in 12-hr-light:12-hr-dark (LD) cycles, cry 03 , GFPcry;cry 03 , and wild-type flies were strongly rhythmic in constant darkness (DD) (Table S1) , consistent with previous results [4, 32] . Brief light pulses early in the subjective night at circadian time 15 (CT15, where CT0 denotes subjective lights on and CT12 denotes subjective lights off) or late subjective night (CT21) cause delays or advances, respectively, in the phase of freerunning (i.e., DD) activity rhythms of wild-type, but not cry 03 flies [4, 25, 32, 34] . GFP-cry;cry 03 flies exposed to 15 min of white light at CT15 or CT21 showed robust phase delays (À3.61 hr ± 0.25) and phase advances (+3.25 hr ± 0.23), respectively, in contrast to cry 03 flies that showed almost no phase delays (À0.27 hr ± 0.05) or advances (+0.2 hr ± 0.03) (Figure 1 ). Wildtype flies exhibited similar phase delays (À3.8 hr ± 0.26) and advances (+3.13 hr ± 0.27) as GFP-cry;cry 03 flies, suggesting that GFP-CRY functions similarly to endogenous CRY in brain pacemaker neurons. (Figure 2 ), consistent with previous CRY immunostaining and cry-driven reporter gene expression studies [30, 31, [34] [35] [36] [37] . Light-dependent degradation of CRY produces rhythms in CRY abundance during LD [25, 31] . In GFP-cry;cry 03 flies, GFP-CRY levels were rhythmic in LD on western blots with a peak at zeitgeber time 24 (ZT24, where ZT0 is lights on and ZT12 is lights off) and a trough at ZT12, whereas GFP-CRY levels accumulated in DD ( Figure S1A ). This rhythm in GFP-CRY cycling was consistent with the high levels of GFP-CRY in pacemaker neurons and non-clock cells in fly brains at ZT22/ZT2 and low levels at ZT10/ZT14 ( Figure S1B ). Moreover, a 1-hr light pulse at CT0 of DD day 3 drastically reduces GFP-CRY levels in non-clock and clock brain neurons in GFPcry;cry 03 flies ( Figure S1C ), demonstrating that GFP-CRY in non-clock neurons is also acutely light sensitive. GFP-CRY immunofluorescence was detected in both the nucleus and cytoplasm in all pacemaker neurons, with some GFP-CRY signal accumulating in neuronal processes at ZT22, when GFP-CRY levels are highest ( Figure S1B ). In LN v s, the relative levels of GFP-CRY in the nucleus (marked by CLK) and cytoplasm (marked by PDF) show no obvious change during LD ( Figure S1D ), which agrees with a role for CRY in both compartments; i.e., cytosolic CRY promotes light-dependent TIM degradation at ZT15 and nuclear CRY promotes light-dependent TIM degradation at ZT21. These results demonstrate that GFP-CRY mimics the light-dependent expression of endogenous CRY in pacemaker and non-clock neurons.
GFP-CRY Expression and Light

GFP-CRY Expression and Light Responsiveness in Peripheral Tissues
Although CRY is present in the compound eyes [31] , CRY expression has not been characterized in other Drosophila peripheral clock tissues. We therefore used GFP-cry flies to assess CRY expression in non-neuronal body tissues including MTs, intestine, and fat body (FB) from flies collected at CT1 on day 3 of DD (DD3) in the absence or presence of a 1-hr light pulse starting at CT0. Each of these tissues show strong GFP-CRY immunostaining concentrated in and around the nucleus in the absence, but not the presence, of a light pulse ( Figure 3A ). These results demonstrate that, like pacemaker neurons, peripheral clocks express light-sensitive CRY, and that CRY is enriched in and around the nucleus in non-neuronal peripheral clock tissues. Since light-dependent loss of CRY in peripheral tissues suggests that CRY can function as a photoreceptor to entrain the circadian clock, we expect that CRY levels will cycle in LD, accumulate during DD, and promote TIM degradation as it does in pacemaker neurons. We tested these aspects of CRY function in MTs, which carry out renal function in flies, and have been the subject of previous studies on peripheral clocks [22, 23, 27, 38] . We find that GFP-CRY expression in MTs is low during the day and high during the night in LD ( Figure 3B ), consistent with light-dependent GFP-CRY degradation. In DD, GFP-CRY was present in and around MT nuclei at all times of day (Figure 3C ), but GFP-CRY levels fluctuated in the MT cytoplasm to produce a significant (p < 0.05) circadian rhythm in nuclear: cytoplasmic (N:C) ratio with a peak at CT22 and a trough at CT10 ( Figure 3C ). These results suggest that CRY levels in MTs mirror those in brain pacemaker neurons during LD, but, Figure S1 and STAR Methods. unlike brain pacemaker neurons ( Figure S1D ), CRY subcellular localization appears to cycle in MTs during DD. CRY degradation in clock cells from fly heads is mediated by the F-box protein JETLAG (JET) [39] , but only after CRY binds TIM to initiate clock resetting via JET-dependent TIM degradation [6, 40] . To determine whether GFP-CRY also mediates light-dependent TIM degradation in MTs, GFP-CRY and TIM levels were assessed at ZT16 or ZT22 in GFP-cry and cry 03 flies exposed to a 60-min light pulse at ZT15 or ZT21. GFP-CRY and TIM are degraded in MTs from light-treated GFP-cry;cry 03 CRY levels that remain after a light pulse at ZT22 are higher than at ZT16, consistent with the higher initial GFP-CRY levels at ZT22 than at ZT16. In contrast, control (non-light-pulsed) GFP-cry;cry These results demonstrate that GFP-CRY rescues light-induced CRY and TIM degradation in MTs.
Light Promotes CRY and TIM Interaction and Oscillator Function in Peripheral Tissues
In Drosophila, cry is required for circadian clock function in many peripheral tissues including MTs [27] [28] [29] . To investigate whether GFP-CRY can rescue clock function in MTs from cry 03 flies, we monitored TIM and PER levels in GFP-cry;cry 03 and cry 03 flies collected every 4 hr during LD. In MTs from cry 03 flies, PER and TIM levels were high and did not fluctuate ( Figure S2 ), which differs from previous results showing that PER and TIM cycle in MTs from cry b mutants during LD [27] . To determine whether this difference was due to the cry b allele, we measured TIM levels in cry b flies during LD and found that TIM levels remained high at both ZT10 and ZT22 ( Figure S2 ). It is possible that differences in light intensity or sample preparation account for our divergent results. In contrast to cry 03 and cry b flies, PER and TIM staining cycled in MTs from GFP-cry; cry 03 flies, where PER staining intensity is highest around dawn (ZT22 and ZT2) and lowest around dusk (ZT10 and ZT14), while TIM staining intensity is highest before dawn (ZT22) and lowest between dawn and dusk (ZT2 to ZT14) ( Figure S2 ). Light-dependent TIM degradation mediated by CRY [5] likely accounts for the pattern of TIM cycling in LD. These results demonstrate that GFP-CRY rescues rhythmic PER and TIM expression in MTs during LD and is required for MT clock function. CRY from mammals and many insects forms a complex with PER to repress CLK-BMAL1 transcription [41] [42] [43] . Moreover, evidence from cry mutant and overexpression experiments in vivo and transcription assays in cell culture suggest that Drosophila CRY also acts with PER to repress CLK-CYC transcription in peripheral tissues [26] . Since cry is required for oscillator function in MTs, Drosophila CRY may act to repress CLK-CYC transcription and should therefore bind CLK-CYC at times of maximal transcriptional repression. We performed co-immunoprecipitation (coIP) assays to determine which clock proteins interact with GFP-CRY. Antibodies against CLK, PER, and TIM were used to probe western blots containing proteins from bodies of GFP-cry flies collected at ZT0.5 since transcriptional repression and CRY levels are relatively high at this time. Neither CLK nor PER were associated with GFP-CRY ( Figure 5A ), whereas TIM interacted with GFP-CRY in the light at ZT0.5 ( Figure 5A ). To further test whether CRY interacts with clock activator complexes, a coIP using CLK-V5-tagged flies collected at ZT0.5 showed an interaction with PER, but not with GFP-CRY (Figure 5B ). These findings demonstrate that light induces GFP-CRY-TIM interactions in fly bodies, but no interactions were detected between GFP-CRY and either PER or CLK. The lack of interaction between GFP-CRY and PER or CLK argues that CRY does not repress transcription in fly peripheral tissues, although we cannot exclude the possibility that this lack of interaction is due to transient or weak interactions.
Passive Membrane Properties of Non-clock Peripheral Tissues Are Altered in CRY Mutants
In addition to serving as a photoreceptor that initiates clock entrainment, CRY acts together with K + channels to mediate arousal behavior by inducing lLN v activity in response to light [14, 15] . To determine whether CRY also controls passive membrane properties in a non-excitable Drosophila peripheral tissue, we measured RMP and input resistance (R i ) in LSG [44] . Like peripheral clock tissues, high levels of CRY are detected in and around nuclei of LSG cells ( Figure 6A ). However, high levels of CRY persist in the LSG in light at ZT11.5 ( Figure 6A ), demonstrating that CRY is not degraded in response to light in LSG cells as it is in adult peripheral clock tissues. Moreover, in contrast to cry mRNA, core clock gene mRNAs (e.g., Clk, per, tim) are not detected in LSGs (Figure S3 ), implying that this tissue does not support circadian clock function. Likewise, larval MTs and FBs express neither GFP-CRY nor CLK ( Figure S4A ), in contrast to their clock-containing adult counterparts ( Figure 3A) . GFP-CRY expression is lost in adult salivary glands (SGs), which nevertheless express CLK (Figures S4A and S4B) . However, PER is not detected at ZT11 or ZT22 in adult SGs ( Figure S4B ), indicating that CLK does not drive clock function in these cells.
RMP measurements in LSG cells from wild-type, transgenic GFP-cry;cry 03 , and cry 03 strains entrained in LD were not significantly different, demonstrating that CRY is not required to maintain RMP in LSGs ( Figures 6B and 6C) . However, upon injection of hyper-polarizing current, the R i in cry 03 LSGs was significantly reduced (p < 0.001) compared to wild-type and GFP-cry;cry 03 flies ( Figures 6D-6G ). To determine whether this impact on membrane physiology by CRY is light dependent, we tested RMP and R i in cry 03 and GFP-cry;cry 03 rescue flies in the light (ZT0.5 and ZT11.5) and in the dark (CT0.5) on the first day in DD. We found no significant difference in the RMP between GFP-cry;cry 03 flies and cry 03 mutants at ZT0.5 and CT0.5, while there was a small but significant (p = 0.013) difference at ZT11.5 ( Figure 6H ). In contrast, the R i in cry 03 mutants was significantly (p < 0.030) reduced compared to GFP-cry;cry 03 flies at all times tested ( Figure 6H ). Although R i in GFP-cry;cry 03 flies was significantly (p = 0.034) lower at ZT0.5 than CT0.5, R i was not different between ZT11.5 and CT0.5 or ZT0.5 ( Figure 6H ), indicating that CRY-mediated changes in R i are independent of time of day (ZT0.5 compared to ZT11.5) and light (ZT versus CT). These data demonstrate that CRY is required to maintain LSG membrane physiology in a time-of-day and light-independent manner.
CRY Acts along with K + Channels to Maintain R i in the LSG Acute pharmacological block of K + channel currents eliminates CRY-mediated light responses in the lLN v s [13] . ETHER-A-GOGO (EAG) family K + channels regulate RMP and action potential repolarization, whereas SHAKER-type (SH) K + channels, which also co-assemble with HYPERKINETIC (HK), have little effect on RMP but regulate firing rate subject to rapid inactivation [45] . As Hk, Sh, and eag appear to be important for CRY-mediated neuronal responses to light [16] , we tested whether EAG and SH K + channels, along with HK, contributed to CRY-dependent changes in R i in LSG cells. RMP and R i in LSG cells from homozygous Hk Kvß subunit (Hk 1 and Hk 2 ), Sh (Sh 5 ), and eag (eag amorphic) K + channel mutants were recorded at ZT0.5. As previously observed, baseline RMP was comparable for each genotype ( Figure 7A ). However, like cry 03 mutants, the membrane electrophysiological response to injected hyperpolarizing current in all K + channel mutant LSG cells was significantly (p < 0.0001) lower than GFP-cry;cry 03 LSG cells ( Figure 7A ). No (E) I/V curves generated from the injection of -and +3-nA current into LSG cells from w 1118 , GFP-cry;cry 03 , and cry 03 larvae collected at ZT0.5. Figure 7A ), indicating that defects in R i are specific for CRY and K + channels.
To test whether the decreased R i response in K + channel mutants was acting through CRY, we generated transheterozygous combinations of different K + channel mutants and cry 03 .
Remarkably, LSG cells from these transheterozygotes showed an R i comparable to that observed for the individual homozygous mutants but significantly (p < 0.05) lower than their respective heterozygous single mutant controls ( Figure 7B ). This result shows that there is a strong genetic interaction between CRY and these K + channel subunits, which suggests that these proteins act together to control membrane responses in LSG cells. To ensure that CRY and HK expression in the LSG controls R i , we tested whether LSG-specific cry and Hk expression can rescue the low R i values in cry 03 and Hk 1 mutants.
Indeed, expressing cry and Hk in the LSG rescued high R i levels in cry 03 and Hk 1 mutants, respectively ( Figure S5 ), demonstrating a tissue-autonomous role for CRY and HK on R i in the LSG.
DISCUSSION
CRY functions in brain pacemaker neurons to mediate lightdependent phase shifts in locomotor activity rhythms in Drosophila [4] . Although CRY spatial expression in the brain and eye has been characterized [30, 31] , the extent of CRY expression elsewhere in Drosophila was not known. Using a GFP-cry transgene to detect CRY with high sensitivity, we show that GFP-CRY functions similarly to endogenous CRY (Table S1 ; Figure 1 ) and confirm CRY protein expression in all brain neurons previously detected with CRY antibody (Figure 2 ). In brain pacemaker neurons, GFP-CRY is present in both the nucleus and cytoplasm under LD and DD conditions (Figures 2  and S1 ), which can account for phase delays by degrading cytosolic TIM early at night and phase advances by degrading nuclear TIM late at night. Once TIM is degraded, CRY is then degraded [6, 39, 40] , consistent with daily rhythms in CRY levels in fly heads, pacemaker neurons, and non-clock neurons during LD ( Figure S1 ). Since non-clock neurons lack TIM, CRY presumably mediates some other light-dependent process. CRY positive non-clock neurons in the central brain (Figures 2 and S1 ) project to the central complex [31] , which functions to coordinate motor output and consolidate long-term olfactory memory [46, 47] . Future studies will determine whether light-induced CRY degradation in these neurons impacts motor output or memory. GFP-CRY also accumulates in axonal and dendritic projections of some brain neurons ( Figure 2B) , consistent with previous studies [30, 31] . Such localization suggests that CRY carries out its function via interactions with proteins other than TIM.
Peripheral clocks in isolated MTs, antennae, legs, and wings maintain rhythms in clock gene expression that are light entrainable [24, 27, 29] . Since CRY uniquely entrains the circadian oscillator to light in a cell-autonomous fashion [34] , we expected CRY to be expressed in all peripheral clock tissues. Indeed, high levels of GFP-CRY were detected in each body tissue assayed in DD but dropped to low levels after a 1-hr light pulse ( Figure 3A) , consistent with CRY's role as a photoreceptor. The nuclear/perinuclear localization of GFP-CRY seen in peripheral tissues may in part be due to the large cytoplasmic volume of cells in these tissues, which would dilute GFP-CRY signal. Our results reveal that light-sensitive CRY is enriched in/around nuclei in peripheral body tissues. MTs were used to characterize GFP-CRY expression and function in a peripheral clock. Consistent with neuronal clocks, GFP-CRY levels cycled in MTs during LD with a peak at ZT22 ( Figure 3B ). However, in DD a pronounced rhythm in GFP-CRY N:C ratio was observed in MTs with a peak at CT22 and a trough at CT10 (Figure 3C ), contrary to constant GFP-CRY levels in the nucleus and cytoplasm of pacemaker neurons [30] (Figure S1 ). The high levels of cytoplasmic GFP-CRY in MTs coincides with peak cry mRNA levels [25] , which suggests that CRY accumulates in the cytoplasm as it is synthesized and subsequently moves into the nucleus or is degraded. In MTs, as in neurons, GFP-CRY is required for clock entrainment since light induces degradation of TIM only in cry 03 mutants containing the GFPcry transgene (Figures 4 and S2A) , indicating that the lightentrainment mechanism is conserved. Like mammalian CRYs, Drosophila CRY may act as a repressor of CLK-CYC transcription to sustain clock function in peripheral tissues [26] . However, our coIP results fail to show an interaction between GFP-CRY and either PER or CLK in Drosophila bodies ( Figure 5B ), though CRY interacts with TIM in the light ( Figure 5A ). Drosophila CRY-PER interactions have been detected in yeast, but CRY and PER appear to interact only via TIM in vivo [48] . Furthermore, PER repression persists through the first half of the day, long after CRY has been degraded by light. Despite the lack of interaction between CRY and clock transcriptional regulators ( Figure 5 ), CRY is necessary for circadian oscillator function in MTs ( Figure S2 ).
Since CRY functions to induce lLN v firing in response to light [13] , we tested whether CRY also regulates electrical properties of the membrane in peripheral body tissues, which are primarily non-excitable in nature. LSG cells, which lack a canonical clock ( Figure S3 ), were chosen for these studies because they are amenable to electrophysiological recording and express GFP-CRY ( Figure 6A ). Our results demonstrate that CRY regulates membrane physiology in LSG cells: membrane R i in cry 03 mutants is significantly lower than that in wild-type controls and GFP-cry;cry 03 rescue flies ( Figures 6D-6H ). CRY-dependent increases in R i do not require light ( Figure 6H ), which contrasts with other light-dependent CRY functions such as clock entrainment and arousal [4, 5, 7, 11, 14, 15, 25, 34] Figure 7B ), but transheterozygotes between cry 03 and these K + channel mutants have low R i values similar to their respective homozygous mutants ( Figure 7B ). This strong genetic interaction suggests that CRY acts in the same pathway or directly interacts with these K + channel subunits in LSGs to regulate R i . Enrichment of GFP-CRY in the nucleus argues against a direct interaction, though lower levels of cytoplasmic GFP-CRY could interact with K + channel proteins that presumably reside in the plasma membrane. Low R i values in cry 03 and Hk 1 mutants can be rescued by expressing cry or Hk, respectively, in LSG cells ( Figure S5 ), suggesting that these proteins function in a cell-autonomous manner to maintain R i .
How might K + channels, membrane resistance, and CRY be relevant to SG function? High intracellular potassium concentration is necessary for the normal physiological function of virtually all cells, and K + channels regulate movement of these ions across the cell membrane. In non-excitable cells such as SGs, K + channels are important for the regulation of many physiological functions, including secretion [49, 50] . Measurements of R i in Drosophila LSG cells indicate that CRY is required to maintain high membrane resistance by diminishing K + conductance.
Remarkably, the same K + channel subunits required to maintain a high R i in LSG cells are also required for CRY-dependent membrane depolarization and increased firing of lLN v s in response to light [16] . In lLN v s, light is thought to alter the redox state of CRY, which promotes the redox sensor HK and interacting K + channels to trigger membrane depolarization [16] aprotinin, 10mg/ml leupeptin, 2mg/ml pepstatin A, 1mM Na 3 VO 4 , and 1mM NaF). This homogenate was sonicated 5-8 times for 10 s each, using a Microson ultrasonic cell disruptor at a setting of 4-5 and then centrifuged at 20,000 g for 10mins. The supernatant was collected and protein concentration was determined by the Coomassie-based Bradford Assay. 300ng of total protein for each sample was used to prepare western blots, which were probed with ab6556 (Abcam) anti-GFP (1:1000) or anti-beta-ACTIN (1:5000; Sigma) primary antibodies, goat anti-rabbit and anti-mouse secondary antibodies conjugated to horseradish peroxidase at a 1:2000 dilution (Jackson Immunoresearch), and chemiluminescent signal was detected using ECL plus (Amersham). For co-immunoprecipitation (coIP) assays, protein extracts from fly bodies were prepared as described [60] . GFP-CRY complexes were IPed using GFP-nanobeads at 4 C overnight and eluted by boiling. IP samples were used to prepare western blots that were probed with GP50 anti-CLK (1:4000), pre-absorbed rabbit anti-PER, rat anti-TIM, or ab6556 anti-GFP (1:1000) antibodies.
Quantitative RT-PCR Quantitative RT-PCR was performed on total RNA isolated from LSGs dissected from L3 larvae raised at 25 C as described [60] . Total RNA isolated from LSGs was amplified with the following gene-specific primer pairs: For rp49, ( 
Resting Membrane Potential and Input Resistance Recordings
Single-cell resting membrane potential (RMP) and input resistance (R i ) recordings were performed on larval salivary gland (LSG) cells as previously described [61] . Briefly, current clamp recordings were carried out at the indicated ZT/CT time points on LSGs dissected from L3 larvae raised at 25 C. LSG were imaged using 100X magnification that allowed individual cells to be resolved for recording on a dissecting microscope (Olympus). Potential differences were recorded with glass electrodes (borosilicate; FHC) filled with 3M KCl with tip resistance values of 8-20 MW. R i was measured by injecting constant amplitude current pulses generated by a stimulator (Grass). Intracellular recordings were performed in a petri-dish under dim red light (> 600nm) containing fly recording media as described [62] . Current-clamp recordings of neuronal membrane potentials were amplified using a bridge-balanced electrometer (DP 301, Warner Instruments), and recordings were digitized using a PowerLab A/D converter (ADInstruments). A minimum of 3 cell recordings from at least six different animals were analyzed for each genotype per time point. The RMP and R i values were measured using LabChart software (AD Instruments).
QUANTIFICATION AND STATISTICAL ANALYSIS
Behavior Analysis Analyses of period, power, and rhythm strength during DD was carried out using ClockLab (Actimetrics) software as previously described [56] . The number of males tested are described in Table S1 legend.
Immunohistochemistry Quantification GFP-CRY levels in MTs (described in Figure 3C ) and sLN v s and lLN v s (described in Figure S1D ) were quantified by measuring the average intensity of GFP-CRY signal in the nucleus and cytoplasm from 5 cells (MTs) or 16 cells (sLN v s, lLN v s) at each time point using the Fiji version of ImageJ [63] , and used to calculate a nucleus:cytoplasmic (N:C) ratio. Significant time dependent cycling of the N:C ratio was assessed by one-way ANOVA with Tukey post hoc test. Quantification of GFP-CRY positive pacemaker neurons is described in Figure 2C legend.
Western Blot Quantification
Quantification of GFP-CRY levels from western blots is described in Figure S1A legend.
Quantitative RT-PCR Quantification of clock gene expression using RT-PCR in larval salivary glands is described in Figure S3 legend.
Resting Membrane Potential and Input Resistance Analysis
Statistical significance by pairwise comparison was calculated using Student's t test using unequal variances, and multiple means were compared by one-way ANOVA followed by Student's t test for post hoc analysis. Figure legends indicate p values. Electrophysiological data are represented using Boxplots where the Upper Quartile denotes highest data points, the Lower Quartile denotes lowest data points, the Middle Quartile denotes the Median, the Upper Whisker denotes positive SEM values and the Lower Whisker denotes negative SEM values.
